MICROARRAY TECHNOLOGIES
The hybridization process is a critical step that influences the quality of microarray data and contributes to the variability of the resulting expression estimate (1) (2) (3) . An advantage of the two-color hybridization strategy for custom microarrays is that probe application inefficiencies and other spot-to-spot differences involving identical probes are internally controlled (4) . Since the method relies on the relative difference between the two fluorescent signals to estimate the fold change in gene expression, the accuracy and reproducibility of these ratio measurements are fundamental features of a platform's performance. Despite this, gene expression data derived from microarray projects have been reported to underestimate or fail to detect accurate differences in gene expression (5) (6) (7) (8) (9) .
A conventional hybridization method for custom-printed DNA microarrays is performed by introducing the hybridization solution between the microarray surface and a glass coverslip. With this static hybridization technique, mixing of the hybridization solution is limited by the rate of diffusion and inefficient mixing limits sensitivity since an estimated 0.3% of the available target solution gains access to the specific probes on the array (1). Active mixing of the liquid-phase target samples is reported to accelerate the kinetics of the hybridization, decrease the amount of time needed to reach equilibrium, and enhance sensitivity (1, 2, 10) . In this study, we compared the performance of a conventional glass coverslip hybridization method to that of the MAUI ® hybridization system (BioMicro Systems, Salt Lake City, UT, USA), which performs sample mixing within a sealed, low-volume compartment.
An in vitro culture model was developed to make comparisons between hybridization methodologies on the two-color microarray platform. A reference RNA pool, designated M6, was made by mixing equivalent amounts of total RNA isolated from six different mouse cell lines. Five cell lines (BpRcI, Sp2/0-Ag14, 4T1, RAW264.7, WENI 7.1) obtained from the ATCC (Manassas, VA, USA) originated from a variety of tissue types. A mouse hybridoma line, OKT3, was a gift from Larry Lantz [National Institute of Allergy and Infectious Diseases (NIAID) Custom Antibody Facility, Research Technologies Branch]. OKT3 total RNA served as the test RNA, so that ratios of differential gene expression are modeled by the OKT3/M6 ratios for each messenger RNA (mRNA) transcript. This model system is well suited for comparing the two methods, because it produces thousands of differential ratio measurements over a broad dynamic range. Furthermore, since OKT3 is also a minor component of the pool of six cell lines used for the reference, it improves the precision of measuring ratios because mRNA transcripts present in OKT3 are represented at detectable levels in both channels.
The microarrays used for this study were produced by printing a library of 70-mer oligonucleotide mouse probes (Mouse Genome Oligo Set, version 2.0; Qiagen, Valencia, CA, USA) and 18 control probes from the Spot Report (Ambion, Austin, TX, USA) and Alien™ Amine (Stratagene, La Jolla, CA, USA) kits onto epoxy-activate glass slides (MWG Biotech, High Point, NC, USA). After printing, the microarrays were kept in a humidified chamber overnight and processed with a series of washes in 0.2% sodium dodecyl sulfate (SDS), 1 mM HCl, and boiling water. The complete platform description for the microarrays is available in the National Center for Biotechnology Information's (NCBI's) Gene Expression Omnibus under the accession no. GPL1057 (http://www. ncbi.nlm.nih.gov/geo/).
To compare the mixing and static hybridization methods, we produced a pool of M6 cDNA (Cy™5-labeled) and OKT3 cDNA (Cy3-labeled) sufficient for eight replicate hybridizations. The fluorescently labeled cDNA was prepared by reverse transcription with direct incorporation of either Cy3-dUTP or Cy5-dUTP (detailed protocol available upon request or online at http://www.niaid.nih.gov/dir/services/ rtb/docs/LABELING.PDF). Four replicate hybridizations were performed for each method, so that cDNA derived from 30 µg total RNA per sample was applied to each microarray.
Immediately prior to hybridization, all microarrays were submerged for approximately 30 min in prehybridization solution [5× sodium saline citrate (SSC), 1% bovine serum albumin (BSA), 0.2% SDS] maintained at 42°C as described previously (11) . The slides were washed three times in deionized water, once in isopropyl alcohol, and dried by centrifugation at 50× g for 3 min. Aliquots of the cDNA stock solution were mixed with a 2× hybridization cocktail so that the final hybridization cocktail consisted of 5× SSC, 0.2% SDS, 25% formamide, with 1 µg mouse Cot-1 DNA (Invitrogen, Carlsbad, CA, USA), 4 µg yeast transfer RNA (tRNA; Sigma, St. Louis, MO, USA), 1 µg poly(dA) (40-60; Amersham Biosciences, Piscataway, NJ, USA). The hybridization cocktails were heated to 98°C for 2 min and centrifuged for 1 min at 12,000× g immediately prior to being applied to the array.
For the static hybridization method, 66 µL hybridization cocktail were injected under a 25 × 60 mm LifterSlip™ (Erie Scientific, Portsmouth, NH, USA) so that the solution MICROARRAY TECHNOLOGIES covered the entire printed area of the array. The slide assemblies were placed inside a closed Tupperware ® container that was fitted with a level flat platform that held them above a bed of moistened filter paper. Hybridizations with mixing were performed on the MAUI hybridization system according to the manufacturer's instructions by injecting 40 µL hybridization solution into the chamber and sealing the ports. All hybridizations were performed overnight at 45°C. The slides were washed twice in 2× SSC, 0.2% SDS, twice in 0.1× SSC for 2 min each wash, and dried by centrifugation at 50× g for 5 min.
The average signalto-background ratio of the mixing method was almost 3-fold higher than the static method (not shown). This result is consistent with previously reported comparisons of two similar hybridization methods (1, 2) . While this increased sensitivity was apparent for the vast majority of mouse-specific probes on the array, the levels of signal associated with the negative controls (i.e., probes supplied with the Alien and Spot Report kits) tended to be significantly lower for hybridizations with mixing. Since none of the complementary targets were spiked into this experiment, these probes should serve as negative controls and surrogates for assessing the contributions of nonspecific signal associated with each hybridization method. The ratio m e a s u r e m e n t s derived from the mixing hybridization method were more reproducible in general.
A plot comparing the coefficients of variation (cvs) derived from the ratios of replicate hybridizations for each method illustrates a dominant trend toward lower cv values for the mixed hybridizations (Figure 1 ). For those features with the significantly different cvs by a paired two-tailed t-test (P < 0.01), 96% reported lower cv values for the hybridizations that were mixed. We further observed a difference in the distributions of the ratio magnitudes produced by each hybridization method. Table 1 summarizes the distributions of the ratios produced by the two methods, illustrating that the mixing method tended to report ratios over a broader range of values. Since this observation is consistent with previous reports that microarray platforms are vulnerable to reporting compressed gene expression ratios (5-9), we predicted that the hybridizations with mixing were more accurately reporting the true ratios of differential transcript abundances between the two RNA samples.
To assess the accuracy of the measured ratios more directly, we performed spike-in experiments with external, exogenous transcripts from the Spot Report and Alien Amine kits. Prior to cDNA labeling, exogenous transcripts were pooled into two groups and spiked into the two total RNA samples at ratios of 1:2 and 5:1 (Cy3: Cy5). The reported log 2 ratios for the mixed hybridizations showed better agreement with the expected 5-fold ratios than the results of the static hybridizations (Figure 2A) . In each case, the static hybridization ratios were less than the target ratio, which was consistent with the dampening effect observed for the ratios of total mouse RNA.
To test the effect of reducing the amounts of RNA used in the cDNA labeling reaction, we produced cDNA from 20, 10, and 5 µg of the spiked total RNA that had been used in the experiment described above. The accuracy and precision of the results remained consistent over the range of concentrations tested ( Figure 2B ). This experiment confirmed that the system's accuracy is preserved in the situation that takes practical advantage of the improved sensitivity by labeling reduced amounts of total RNA. Our results show that active mixing of the hybridization solution produced ratio measurements of differential transcript abundance that were more accurate and more reproducible than a conventional static hybridization method. These improvements are likely due to the combined contributions of greater assay sensitivity and reduced nonspecific hybridization. These results confirm that a microarray-based research project will benefit from using a dynamic hybridization system that adequately mixes the sample. Figure 2 . Accuracy of ratios for external controls. Accuracy was assessed by spiking external transcripts into the labeling reaction at known ratios. Two pooled stocks of external transcripts were created by combining transcripts from Stratagene (Pool S) and Ambion (Pool A). Pool S transcripts were spiked into the two different total RNA samples at a 1:2 ratio prior to labeling, and the Pool A transcripts were spiked into the two total RNA samples at a 5:1 ratio. Each total RNA with spikes was taken through a series of serial 2-fold dilutions prior to labeling. The data were standardized on the results of the Pool S transcripts. For each experiment, the normalization factor required to set the Pool S transcripts to the expected average ratio of 0.5 was applied to the set of Pool A transcripts. (A) Data for replicate hybridizations of the static and mixing methods are shown for the Pool A spikes when cDNA derived from 40 µg total RNA was hybridized per sample. The mixing hybridization showed better agreement with expected ratio of 5 (horizontal line) than did the static hybridizations. (B) Results of Pool A spikes agreed with the expected ratios when hybridizations with mixing were performed using cDNA derived from 5, 10, and 20 µg spiked total RNA.
